Spin transport in ferromagnet/semiconductor/ferromagnet structures with cubic Dresselhaus spin-orbit-interaction We have investigated the spin transport in ferromagnet (FM)/semiconductor (SC)/ferromagnet (FM) structures with a central SC barrier region exhibiting cubic Dresselhaus spin-orbit-interaction (SOI). The energy profile of the barrier is assumed to be a square with height V and thickness d along z-direction. The magnetoresistance (MR) ratio has been calculated for three different barriers, GaAs, GaSb, and GaAs without SOI as a function of barrier thickness. We have found that the MR ratio has a negative value for GaAs barrier with SOI except for very thin barrier thickness. In the case of GaSb barrier, the MR ratio changes sign from negative to positive with increasing the barrier thickness. Also, we have calculated the MR ratio with changing the spin coupling constant. One of the main purposes in the field of spintronics is to make spin transistors with a ferromagnet (FM)/semiconductor (SC)/ferromagnet (FM) structure. It is very important to investigate the spin transport in FM/SC/FM structures theoretically to realize the spin transistors. 1, 2 The first proposal of the spin transistor was done by Datta and Das. 3 In this transistor, the spin direction of injected electrons is controlled by adjusting the Rashba spin-orbit-interaction (SOI) by gate voltage. Another proposed device is the spin MOS-FET. 4 In recent years, there have been many successful experiments demonstrating a spin-polarized current through the contact of Fe/GaAs. In this situation, some experiments of tunneling in FM/SC/FM structures have been reported. 5, 6 One of these experiments reports that a negative value of magnetoresistance (MR) is observed that indicates a negative spin-filtering effect. Recently, we have also proposed a spin quantum cross structure (SQCS) device toward novel spin transistors. [7] [8] [9] In this paper, we have generally investigated the spin transport in FM/SC/FM structures with a central SC barrier region exhibiting cubic Dresselhaus spin-orbit-interaction (SOI). The following results can be useful for designing spin transistors and interpreting many experimental results. Also they can be applied for realizing spin transistors using the SQCS devices.
II. THEORY AND RESULTS
We study the transmission of spin r(:,;) electrons with the initial wave vector k r ¼ (k jjr , k zr ) in the ferromagnet through the SC barrier region exhibiting cubic Dresselhaus SOI. The model used in the calculation is shown in Fig. 1 . The energy profile of the barrier is assumed to be a square with height V and thickness d along z-direction. Then, the barrier is described by the function 
where h is the Planck constant divided by 2p. m Ã i is the effective mass in the left ferromagnet (i ¼ 1), semiconductor (i ¼ 2), and right ferromagnet (i ¼ 3) regions, respectively. D i is the exchange energy in the region i, and the exchange energy D 2 in the region 2 is zero. The unit vector n i defines the magnetization direction, respectively. 11 The band of itinerant d-like electrons of Fe is assumed to be parabolic with the free electron mass (m
12 c i is the spin-orbit coupling constant in the region i. In this model, only c 2 is a finite value of c, and the others are zero. s x and s y are x-component and y-component of the vector of Pauli matrices s, respectively. The model Hamiltonian in region 2 is explicitly given by
The Hamiltonian of Eq. (4) can be diagonalized using the following spinors:
where u r ¼ tan À1 (k yr =k xr ). These represent the spinstates 
r6 are given by
where 
where r ¼ (x, y, z), k jj ¼ (k x , k y ), and r jj ¼ (x, y). The functions / ð1;3Þ r (z)'s in the ferromagnet regions 1 and 3 also have the same forms with different spinors. The spinors in ferromagnetic regions are as follows:
where r denotes a spin parallel (r ¼ where r r , t r are spin-dependent reflection and transmission coefficients, respectively. A rj , B rj are spin-dependent and subband-dependent transport coefficients. k zr is the wavenumber of electrons with spin r in the ferromagnets (Fe) and q r6 is the wavenumber in the SC barrier for incoming electrons with spin r, given by
Taking into account the boundary conditions, we can determine the spin-dependent transmission coefficients. Solving a system of linear equations for r r , t r , A rj , B rj , we can calculate the transmission probability T(h) for the relative angle of h between the magnetization directions of the two ferromagnets in the following:
. Therefore we can obtain the transmission probabilities T P ¼ T(0) and T AP ¼ T(p) for parallel and anti-parallel configuration of the ferromagnets. The calculation of the magnetoresistance (MR) ratio has been performed for three different barriers, GaAs (m , and GaAs without SOI (c ¼ 0) as a function of barrier thickness as shown in Fig. 3 using the following equation: MR ¼ (G P À G AP )/G AP , where G P ¼ ðe 2 =hÞT P and G AP ¼ ðe 2 =hÞT AP with e being the elementary charge. The barrier height V is assumed to be 0.75 eV for three different barriers. 10 From Fig. 3 , it is found that the MR ratios show positive values for both GaAs and GaSb barriers at very thin thickness. Then the MR ratios change signs rapidly from positive to negative with increasing the barrier thickness for both GaAs and GaSb barriers. The MR ratio for GaAs barrier remains a negative value with increasing the barrier thickness up to 3 nm. In contrast, the MR ratio for GaSb barrier changes the sign gradually from negative to positive at a thickness of about 0.9 nm again. Afterward, its value increases monotonically and the MR ratio reaches to a constant value at a thickness of about 2.5 nm. The MR ratio for GaAs barrier without SOI is shown as a reference for comparison to the case of barriers with SOI. These results of the MR ratios are attributed to the energy splitting in the SC barrier with SOI. Under SOI, the energies of electrons with majority(:) spin (minority(;) spin) split into two energies E :þ , E :À (E ;þ , E ;À ) as shown in Fig. 3(b) . Here, for simplicity, we explain the above results with setting k jj to be (0, k y ), which does not lose generality. Qualitatively speaking, electrons with higher energies can transmit through the barrier with higher transmission probabilities. In 
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Kenji Kondo J. Appl. Phys. 111, 07C713 (2012) another point of the view, the direction of spin eigenstates with E rþ is parallel to that of majority spin, which is aligned to the positive y axis, and the direction of spin eigenstates with E rÀ is parallel to that of minority spin, which is aligned to the negative y axis. Therefore the majority (minority) spin in the E :À (E ;þ ) level precesses and flips while transmitting the barrier. The length for the spin-flip is estimated by ( h 2 p)/ (2m Ã 2 ck 2 zr ). In both GaAs and GaSb barriers, electrons are little influenced by SOI at very thin thickness of 0.01 $ 0.02 nm because the barrier is too thin compared to the Fermi wavelength of 0.6 nm. Therefore, majority electrons with spin : and minority electrons with spin ; transmit as if the SC barrier was only an insulator without SOI. This results in the positive MR ratio. The SOI starts to affect electrons with increasing the thickness. As a result, minority electrons with spin ; overcome majority electrons with spin : with increasing the thickness because there are two channels with the second and the third highest energies (E ;6 ) for spin ;. Even though majority electrons in the highest energy E :þ have the highest transmission probability, their probability is slightly smaller than total probability of minority electrons with two channels. This causes the values of the MR ratios to be negative. It is important to note that the spinstates of majority electrons in the highest E :þ are eigenstates, and the spinstates of minority electrons in the second highest E ;þ are not eigenstates. Therefore if the spins of minority electrons in the E ;þ do not flip, this situation continues. This is the case for GaAs barrier. This is because the length for the spin-flip ((;) ! (:)) is about 10.253 nm for GaAs barrier, estimated using the preceding equation. However, this is not the case for GaSb barrier. The length for the spin-flip ((;) ! (:)) is about 2.42 nm for GaSb barrier. Then, the value of the MR ratio for GaSb starts to change the sign from negative to positive at a thickness of about 1.0 nm, which is about half the value of 2.42 nm. Now, electrons with spin : occupy the highest and the second highest energies. This causes the value of the MR ratio to be positive with increasing the thickness. Finally, we show the MR ratio for two effective masses of 0.067 m e and 0.041 m e as a function of spin-orbit coupling constant c in Fig. 4 . This calculation has been performed for a barrier thickness of 1.0 nm. Though there is no method to control the value of c at present, it is important to consider c dependence theoretically. In Fig. 4 , there is a discontinuity at c ¼ 0. 
